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Abstract
In this article, we give a birds eye view of research on electroweak phase
transition and some related phenomena, viz., cosmological baryogenesis,
electroweak bubble dynamics and generation of gravitational waves. Our
presentation revolves around the observation that a strong first order elec-
troweak phase transition cannot be obtained in the Standard Model for
experimentally-favoured Higgs mass and hence the cosmological events
associated with this kind of phase transition cannot be explained in this
model. However, this phase transition can be achieved in a number of Be-
yond Standard Models. As a prototype case , we consider the littlest Higgs
model with T parity and show the results of some calculations within this
model.
Keywords. Electroweak phase transition, baryogenesis, bubble dy-
namics.
1 Introduction
According to the Standard Big Bang Cosmology, the Universe underwent an
electroweak phase transition (EWPT), associated with the spontaneous symme-
try breaking (SSB): SU(2)L⊗U(1)Y → U(1)EM at t ∼ 10−11s and T ∼ 300GeV
[1]. The weak gauge bosons and fermions obtained masses by the electroweak
SSB and the Higgs mechanism, whereas the EWPT is believed to be connected
with the cosmological processes, such as the mechanism of matter-antimatter
asymmetry generation i.e., baryogenesis, production of gravitational waves, for-
mation of topological defects like the cosmic strings or the domain walls etc.
Although the Standard Model (SM) of particle physics was quite effi-
cient in predicting masses of gauge bosons and generating the masses of fermions
by SSB and many other experimental observations at the 100 GeV scale, it, as
against the Beyond Standard Models (BSMs) such as supersymmetric, extra-
dimensional, two Higgs doublet, little Higgs models etc., proved to be insufficient
in quantitative assessment of the above-mentioned cosmological events as well
as accounting for the existence of dark matter and dark energy. However, the
mass of the recently discovered [2] Higgs-like particle at the Large Hadron Col-
lider (LHC), viz., 126 GeV, is not far off from the lower bound of the Higgs
boson mass, 115 GeV, obtained in the LEP experiments [3]. This observation
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has fuelled the speculation that even the scalar sector of the electroweak theory
can be described satisfactorily by an appropriate minimal extension of SM. This
is testified by some recent works to study the EWPT within some extensions of
the SM, both in the pre- [4] and post- [5] Higgs discovery period.
In this article, we briefly present an update of the research and evolution
of ideas in EWPT, baryogenesis, bubble dynamics and generation of gravita-
tional waves at the electroweak scale in the SM and some BSMs. The style of
our presentation is to convey important results qualitatively. Details of models
and their calculational frameworks can be obtained from the references which
have been cited here.
In section 2, we present a picture of the development of knowledge of
electroweak phase transition starting from the early days of research in this
field. In section 3, we discuss baryogenesis, stressing the point that a strong
first-order electroweak phase transition is necessary for baryogenesis. We also
present a new baryogenesis scenario obtained within the littlest Higgs model
with T parity. In section 4, we mention some aspects of the generation of
gravitational waves in the early Universe. Finally, in section 5, we write some
concluding remarks.
2 The Electroweak Phase Transition
Theoretical studies related to the EWPT have appeared in the literature for
the last four decades or so. Among the early works, we may mention, the
phase transition in finite-temperature gauge theories [6], SSB in massless finite-
temperature field theories [7], dependence of the behavior of the cosmological
phase transition on the Higgs mass mH [8], radiative effects on SSB [9], cosmo-
logical consequence of a Coleman-Weinberg type EWPT [10] and its impact on
the expansion of the Universe [11].
The usual framework for studying the EWPT is the finite-temperature
effective potential (FTEP) of the Higgs field. An effective potential (EP) [12],
which can be calculated at various loop orders, can be thought to be a quantum-
corrected classical potential. It may be mentioned that the EP which we consider
here is gauge-dependent. It is calculated in the Landau gauge [12] which has the
merit of decoupling the unphysical degrees of freedom from the theory. Figure 1
shows the diagrammatic representation of the one-loop order EP. The EP which
takes care of quantum fluctuations in the potential of a scalar field has been
found to be quite useful in the quantum theory of SSB [9] as the fluctuations may
render the mass squared parameter in the classical potential negative, causing
the SSB. It is interesting to note that the EP generated by quantum fluctuations
has the interpretation [13] of the fluctuating energy density, similar to the zero
point energy of the harmonic oscillator.
By studying the effective potential and the associated thermodynamic
quantities in a field-theoretic model, one can ascertain whether there is a phase
transition and what is the order of the phase transition. The behaviors of FTEP
near the transition temperature Tc in the case of first and second-order phase
2
Figure 1: Diagrammatic representations of one-loop order effective potential,
which is quantum correction to classical potential.
transitions are shown schematically in Figure 2. It is crucial to determine the
order of EWPT, because the early Universe phenomena at the electroweak scale
will depend on this order if there is an EWPT.
In the SM, it was shown [14] that there is substantial (∼ 20 − 40%)
two-loop correction to the one-loop FTEP, which therefore questioned the va-
lidity of perturbative method in the evaluation of FTEP. To take into account
the nonperturbative effects, many lattice calculations [15–21] were done which
yielded more reliable results than with the perturbative loop calculations.
The main result of the lattice calculations was that for weakly-coupled
electroweak theory there is first-order EWPT up to mH ∼= 80GeV , but there is
no first or second-order EWPT beyond this value, rather there is a sharp cross-
over characterized by a rapid increase of the order parameter, < φ†φ > below the
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transition temperature [19]. The results of lattice numerical simulations were in
agreement with thermodynamic calculations [21]. It may be mentioned here that
Figure 2: Variations of the effective potential with temperature in the case of
first and second order phase transitions
some authors, while presenting a baryogenesis scenario, have considered second-
order EWPT associated either with evaporation of primary black holes [22] or
with dynamics of cosmic strings [23]. However, as was argued in Ref. [24], a
second-order EWPT in general cannot produce the observed baryon to entropy
ratio, as it cannot create the necessary thermal nonequilibrium condition.
Coming back to the case of EWPT in SM, it is established that a strong
first-order electroweak phase transition (SFOEWPT), as required by successful
baryogenesis in the early Universe (to be discussed in detail in the next section),
is not possible in this model. This fact led researchers to explore the possibility
of SFOEWPT in various BSMs such as supersymmetric, two Higgs doublet,
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extra-dimensional and little Higgs models.
Within the framework of minimally supersymmetric standard model
(MSSM) [25], SFOEWPT has been reported to be found in studies involving
FTEP at one or two loop orders [26], in nonperturbative lattice simulations [27],
with a fourth generation of particles [28], in an U(1)-extended version [29]
as well as in an R-parity violating [25] extension [30]. Recently, possibility
of SFOEWPT has been examined [31] in the next-to-minimal supersymmetric
standard model (NMSSM) [25] and in models [32] involving dark matter can-
didates and also in two-Higgs doublet model [33] and extra-dimensional mod-
els [34,35].
One of the intriguing phenomena in the context of first-order elec-
troweak phase transition is the existence of broken phase at high temperature
and inverse symmetry breaking, which have been seen in an extra-dimensional
model [35] and in a finite-temperature version [36] of the littlest Higgs model
with T parity(LHT) [37]. In the LHT model, the Higgs fields are subsets of
pseudo Nambu Goldstone bosons contained in a nonlinear sigma field, Σ. The
periodic structure of Σ gives a global structure of FTEP as a function of the
physical Higgs field, h. The variation of the FTEP with temperature is shown
in Fig.3. We observe an inverse SFOEWPT with h(Tc)/Tc ∼= 1.2. The sig-
nificance of this quantity, in the context of baryogenesis, will be discussed in
the next section. In the parameter space, where the SFOEWPT is observed,
mH ∼= 156GeV .
In view of the recent LHC observation of mH ∼= 126GeV , researchers, in
coming days, may still focus on extensions of SM [4,5], with possible mechanisms
for stabilizing the Higgs vacuum.
In the context of dynamics of EWPT, a difference of between the SM
and a broad class of BSMs including the LHT can be understood from a re-
cent study [38], where it has been shown that there is a strong correlation
between this dynamics and the cubic Higgs self-coupling. The BSMs show-
ing an SFOEWPT would predict a large deviation of this coupling from the
SM-predicted value.
3 Baryogenesis
The motivation behind the search for the SFOEWPT in a field theoretic model is
to simulate an early universe scenario with a thermal non-equilibrium situation
at the time of electroweak phase transition which was instrumental in preventing
a washout of a generated baryon-antibaryon asymmetry, thus conforming to the
observed baryon-antibaryon asymmetry [39] in the present Universe.
There are several models of baryogenesis (as many as forty four) [40],
which we may broadly classify as, Planck- or string-scale baryogenesis [41],
GUT-scale baryogenesis [42] and electroweak baryogenesis [43–45], Of these
three classes, only the electroweak baryogenesis (EWBG) models can, under-
standably, be tested by the present-day accelerator experiments.
Usually, any baryogenesis model has to satisfy Sakharovs three condi-
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tions [46]: (i) Baryon number violation, (ii) C and CP violation, (iii) Departure
from thermal equilibrium. In the SM, large baryon number violation [47] is pos-
sible at high temperature by sphaleron transitions [48] between the degenerate
Figure 3: Finite-temperature effective potential in LHT model at temperatures
(from top to bottom): T = 0TeV (blue, large-dashed), T = 0.85TeV (black,
medium-dashed), T = 0.925TeV (blue, thick solid), T = 1TeV (red solid)
and T = 1.1TeV (black, thick-dashed). The transition temperature is Tc =
0.925TeV . (Ref. [36])(Reprinted with permission from [ S. Aziz, B.Ghosh and
G. Dey, Physical Review D79, 075001 (2009)] Copyright (2009) by the American
Physical Society).
vacua of the SU(2) gauge field. Sphalerons [48] are static but unstable solutions
of classical field equations in the electroweak theory. However it is difficult to
satisfy the second and the third conditions in the SM, because the CP violation
in this model is too low to give the cosmological baryon to entropy ratio [49]
and this model does not show an SFOEWPT, as discussed in the previous sec-
tion, for mH < 32GeV [50]. These problems have been addressed and solutions
sought in some of the BSMs, such as the MSSM [43] and its extensions [44], and
the THDM [45].
In the context of electroweak phase transition and baryogenesis in the
early Universe, an useful quantity to calculate is the ratio R=(baryon number
violation rate)/(Universe expansion rate). In the event of an SFOEWPT, this
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ratio should be very small signifying the fact that a slow reaction rate compared
to the Universe expansion rate and a thermal nonequilibrium situation therein
will prevent the reaction process of baryon-antibaryon asymmetry creation to
go in the reverse direction and thus will check the washout of the generated
asymmetry.
In the case of SM, the value of R is quite large [47], implying that
in this model, a washout cannot be checked and thus the observed baryon-
antibaryon asymmetry cannot be explained. On the other hand, in models where
an SFOEWPT is possible, we may expect to have a very small value of R. As an
example, in Fig.4 we show the result of calculation of R in the LHT model [51].
The vast difference in the value of R in the asymmetric phase in the cases of
SM(∼ 1012) [47] and LHT (∼ 10−21) [51] can be understood by looking at the
gauge-Higgs sectors in the two cases. In the case of LHT, we have two distinct
gauge boson spectra: the heavy particles, W aH , BH which get mass by explicit
symmetry breaking and the light particles, W aL , BL which get mass by SSB.
The light gauge bosons behave like the SM gauge bosons. Since the sphaleron
transition rates as well as the values of R are exponentially suppressed by the
sphaleron energies which, in turn, depend on the energy functionals of the W
bosons, the presence of additional heavy gauge bosons in the LHT model proves
to be quite effective in making R very small. On the other hand, just after the
inverse EWPT, huge baryon number violation takes place within the symmetric
phase bubbles, where the rate of this violation is 1031 times higher for the T-
even particles than for the T-odd ones. The details of the mechanism, being
discussed here, can be found in Ref. [51]. A successful EWBG is characterized by
the so-called sphaleron decoupling condition which is a bound on the quantity,
φ(Tc)/Tc, Tc being the transition temperature and φ(Tc) the value of the Higgs
field at the transition temperature. For mH = 126GeV , this bound has been
derived [52] to be φ(Tc)/Tc > 1.16.
In the scenario of the inverse SFOEWPT in the LHT model, a two-step
baryogenesis has been proposed [51,59], which is schematically shown in Fig.5.
In the first step an inverse SFOEWPT occurs at T ∼ 0.9TeV (t ∼ 10−13s)
and bubbles of symmetric phase start forming in the background of asymmetric
phase. Baryon number violation takes place within these expanding bubbles
by massless T-even gauge bosons. Then at T ∼ 0.1TeV (t ∼ 10−11s) there
is a smooth cross-over for the T-even particles from a massless condition to a
massive condition and thus baryon number violation is suppressed from this
point onward.
Although we are primarily considering in this article a baryogenesis
scenario, which is driven by a thermally non-equilibrium EWPT, we must men-
tion here that there are baryogenesis models that are not directly depended on
EWPT and the sphaleron transitions; viz., the post-sphaleron baryogenesis [53]
and the TeV scale baryogenesis [54]. In the former, baryon number and CP
violations take place, after EWPT, in the decay of a scalar singlet into 6q and
6q¯ states. The latter is an extension of MSSM containing two new superfields:
a gauge-singlet field N and a colour-triplet field X. The decay of N mediated by
the exchange of X generates additional baryon asymmetry at the TeV scale. We
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Figure 4: Ratio of the baryon number violation rate to the Universe expansion
rate, (a) in the symmetric phase, (b) in the asymmetric phase for T-odd gauge
boson, (c) in the asymmetric phase for T-even gauge boson.(Ref. [51])(The fig-
ure is reprinted with permission from, ’On Electroweak Baryogenesis in the
Littlest Higgs model with T parity’, Sahazada Aziz and Buddhadeb Ghosh,
Modern Physics Letters,Vol.27, No.34, Copyright@2012, World Scientific Pub-
lishing Company).
may note that a recent theoretical study [55] based on the CMS eejj data [56]
points to the necessity of implementation of a baryogenesis mechanism below
the electroweak scale.
4 Electroweak bubbles and gravitational waves
During the electroweak phase transition, bubbles of lower temperature phase
are formed at the background of the higher temperature. Aspects of generation
of gravitational waves (GW) from the collisions of these bubbles as well from the
turbulence of the plasma have been studied in recent times [57]. The intensities
and frequencies of the gravitational waves will depend on the dynamics of the
bubbles which in turn will be dependent on the model used for calculation. An
SFOEWPT is conducive for the processes generating the GW.
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Figure 5: Electroweak bubbles in the inverse phase transition scenario in the
littlest Higgs model with T parity. Inside the bubbles, the vacuum expecta-
tion value of the physical Higgs field,< h >= 0. Outside the bubbles,< h >=
1.1TeV .(Ref. [59])(Reprinted with permission from [ Sahazada Aziz and Bud-
dhadeb Ghosh, Physical Review D89, 013004 (2014)] Copyright (2014) by the
American Physical Society).
The main input for studying the bubble dynamics is the FTEP. The
pressure, being the negative of FTEP [58], can be determined both inside and
outside the bubble. Expansion of the bubble will be caused by a greater inside
pressure than outside. Fig.6 shows a plot of pressure difference against temper-
ature, calculated [59] in the LHT model. Also, the entropy, energy and enthalpy
densities may be determined in terms of the pressure. Then, the velocities of
the plasma inside and outside the bubble can be determined from the pressure
and energy density using hydrodynamic equations [60].
The motion of the bubbles can be broadly classified as deflagration or
detonation depending on whether the velocity of the plasma inside the bubble
is greater or less than that outside, respectively. Also, the motion will be su-
personic, Jouguet or subsonic if the velocity inside is greater than, equal to or
less than the sound velocity in the medium, respectively.
Differences in the structure of FTEP in different models may yield dif-
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Figure 6: Excess pressure within the bubbles of the symmetric phase as a func-
tion of temperature, in the LHT model. Here f is the scale and κ is the mirror
fermion coupling constant in the LHT model. (Ref. [59])(Reprinted with per-
mission from [ Sahazada Aziz and Buddhadeb Ghosh, Physical Review D89,
013004 (2014)] Copyright (2014) by the American Physical Society).
ferent types of bubble motions. In the LHT model, a supersonic deflagration
motion has been obtained [59].
The frequency of GW generated by the bubble collisions in the early
Universe may be assumed to be the inverse of the time-scale of phase transition
or the bubble nucleation rate, the latter being related to the excess free energy
of the bubbles. The frequency, thus obtained may be related to the frequency
of GW in the present Universe with the help of the scale factors in the two
epochs. In similar way, the intensity of GW in the present Universe can be
obtained from that of the early Universe, the latter being related to the bubble
wall velocity.
The frequency of GW generated by the stirring of the plasma or by
the turbulent bulk motion of the plasma is the inverse of the so-called stir-
ring scale[61], which is again related to the bubble radius, bubble wall velocity
and the bubble nucleation time scale. The details of the derivations of the ex-
pressions of GW frequency and intensity and related analyses can be found in
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Figure 7: Plot of frequency of GW in the present Universe due to bubble colli-
sions (dashed line) and from turbulence (solid line) for a fixed bubble wall ve-
locity, vW = 0.7, for various temperatures in the early Universe. The frequency
varies as β/H as shown by the dash-dotted line, where β is the inverse of time-
scale of phase transition and H is the Hubble parameter.(Ref. [59])(Reprinted
with permission from [ Sahazada Aziz and Buddhadeb Ghosh, Physical Review
D89, 013004 (2014)] Copyright (2014) by the American Physical Society).
Ref. [59]. In Fig. 7 and 8, we have shown plots of frequencies and intensities of
GW calculated in the framework of the LHT model. The GW intensities appear
to be quite small and the frequencies are in the deci-hertz range. Such small
intensities and frequencies are in the range of future GW detectors, such as the
Ulimate Deci-Hertz Interferometer Gravitational Wave Observatory or the Big
Bang Observer Correlated [61].
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Figure 8: Plot of intensity of GW in the present Universe due to bubble collisions
(dashed line) and from turbulence (solid line) for a fixed bubble wall velocity,
vW = 0.7, for various temperatures in the early Universe. The intensity (ω =
ρGW
ρtot
), ρ being the energy density, varies as (β/H)−2 as shown by the dash-
dotted line. (Ref. [59])(Reprinted with permission from [ Sahazada Aziz and
Buddhadeb Ghosh, Physical Review D89, 013004 (2014)] Copyright (2014) by
the American Physical Society).
5 Conclusions
In conclusion, we have highlighted in this article, some past and present studies
of EWPT, baryogenesis, electroweak bubble dynamics and GW generation. In
view of the considered inadequacy of the SM so far as the description of the cos-
mological phenomena are concerned, but at the same time the recent discovery
of an SM-like Higgs at the LHC, we should now be poised for surprises from the
results of the forthcoming LHC runs.
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